Abstract ITER edge localized mode (ELM) coils are important components of the in-vessel coils (IVCs) and they are designed for mitigating or suppressing ELMs. The coils located on the vacuum vessel (VV) and behind the blanket are subjected to high temperature due to the nuclear heat from the plasma, the Ohmic heat induced by the working current and the thermal radiation from the environment. The water serves as coolant to remove the heat deposited into the coils. Based on the results of nuclear analysis, the thermal-hydraulic analysis is performed for the preliminary design of upper ELM coils using a rapid evaluation method based on 1D treatment. The thermal-hydraulic design and operating parameters including the water flow velocity are optimized. It is found that the rapid evaluation method based on 1D treatment is feasible and reliable. According to the rapid analysis method, the thermal hydraulic parameters of two water flow schemes are computed and proved similar to each other, providing an effective basis for the coil design. Finally, considering jointly the pressure drop requirement and the cooling capacity, the flow velocity is optimized to 5 m/s.
Introduction
The International Thermonuclear Experimental Reactor (ITER) is a large-scale international research cooperation project to develop a self-sustaining burning tokomak experimental reactor and demonstrate the scientific and technical feasibility of fusion energy [1] . As one of the important components of the ITER in-vessel coil (IVC) system, ELM (edge localized mode) coils are designed for mitigating or suppressing the plasma ELMs and resistive wall modes (RWMs) [2] . Now, China and the United States are responsible for the research and development of the ITER IVC system. In 2009, PPPL (Princeton Plasma Physics Laboratory) made the conceptual design and analysis for the IVC structure [3] ; in 2011, R. Villari et al. researched neutron radiation energy distribution of the IVC structure [4] ; M. Kalish et al. designed the IVC structure further [5] ; in the same year, ASIPP (Institute of Plasma Physics, Chinese Academy of Sciences) and PPPL conducted research on the detailed design and analysis for the IVC structure. The preliminary structural design of the ELM coils finished by PPPL needs to be verified by experiments. Currently it is impossible to do experiments for these coils because ITER has not been built, and instead, the thermal-hydraulic analysis using ANSYS will be performed to predict the experimental results and validate the feasibility of the preliminary structural design of these coils. ELM coils have a complex structure and consist of 27 independent coil systems. As shown in Fig. 1 , there are three sets of ELM coils in each of the nine sectors of the ITER, referred to as the upper, mid and lower ELM coils. The coils located on the VV and behind the blanket are subjected to high temperature due to the nuclear heat from the plasma, the Ohmic heat induced by the working current and the thermal radiation from the environment. The water serves as coolant to remove the heat deposited into the coils. In this paper, based on the results of nuclear analysis, the thermal-hydraulic analysis is performed for the preliminary design of upper ELM coils using a rapid evaluation method based on 1D treatment. The thermal-hydraulic design scheme including the water flow velocity is optimized to find out the best plan. The methods used for upper ELM coils are provided for other ELM coils.
Coil structure
Upper ELM coils consist of inconel jacketed mineral insulated conductors (IMIC), joints, supports and its feeder, as shown in Fig. 2 . IMIC is the most important part to provide electric power for the ELM coils and it is fabricated from copper-chromium-zirconium (CuCrZr) conductor, magnesium oxide (MgO) insulation and Inconel625 jacket. It is bath-cooled by water circulating in channels in the conductor. This arrangement provides a convenient way to remove both the nuclear heat deposited in the coil from the plasma and the Ohmic heat generated in the conductor. The coil joint connects IMIC and uses the same materials as IMIC. The coil support is used to maintain its position under the electromagnetic force and the thermal load. IMIC is welded onto the support, the support is fixed by a bolt on the support base and the support base is welded onto the vacuum vessel wall. To ensure the support reliability, the connecting part of the support uses Inconel625 alloy and the support base and flange clamps use stainless steel 316L. The coil reinforcement, welded on Inconel jacket to play a supportive role, also uses stainless steel 316L. In order to obtain the temperature distribution, thermal input and output and verify the cooling feasibility of the upper ELM coil, a thermal-hydraulic analysis should be performed. This is related to the fluid and solid thermal conduction. The traditional method is to couple fluid and solid. It means that the fluid and solid should be modeled, respectively, and then coupling analysis is performed. The advantage of the method is that it is accurate, but it is complex and slow. In this paper, a rapid evaluation method based on 1D treatment is used. In the global model, the water and the coil are simulated by FLUID116 and SOLID70, respectively, and SURF152 is used to simulate the thermal conduction between the water and the conductor. This method is simpler and quicker than the traditional method, and the result is also reasonable. It can also provide a rapid evaluation for the ELM coils.
The verification of the method
In order to prove the feasibility and reliability of the rapid evaluation method based on 1D treatment, theoretical calculation and thermal hydraulic analysis using CFX are performed for a bent copper pipe. As shown in Fig. 3 , the modeled bent pipe has an inner diameter (d) of 33.3 mm, an outer diameter (D) of 46 mm, a bending radius (R) of 250 mm and a total length (L) of 3893 mm. Water is forced to flow through the pipe to simulate the cooling process. The inlet flow velocity of the water (u) is 8 m/s, the water density (ρ) is 1000 kg/m 3 and the mass flow rate of the water (q) is 6.967 kg/s. The kinematic viscosity of the water (v) is 2.94E-7 m 2 /s. The inlet temperature of the water (T in ) is 100
• C and the outer pipe surface temperature is 200
• C . The specific heat of the water (C w ) is 4200 J/(kg·K). The specific heat of the copper pipe (C c ) is 402 J/(kg·K). The thermal conductivity of the water (λ w ) is 0.68 W/(m·K). The thermal conductivity of the copper pipe (λ c ) is 338 W/(m·K). The film coefficient of the water (h) is 34820 W/(m 2 ·K). The Reynolds number (R e ) is 906122. The moody friction factor (f ) is 0.01. The outlet temperature (T out ) and the pressure drop (∆P ) of the water can be calculated by the following equations:
where T surf is the inner surface temperature of the pipe at the outlet and θ is the angle of the bent pipe.
Based on three different methods: the rapid evaluation method using ANSYS, the theoretical calculation and the thermal hydraulic analysis using CFX, the results are listed in Table 1 . It is found that the outlet temperature errors of ANSYS and CFX are the same. The pressure drop error of CFX is a little larger than that of ANSYS mainly due to different calculation method. Generally, the results of three methods are basically the same. The rapid evaluation method based on 1D treatment used to calculate the fluid temperature and pressure drop is feasible and reliable. This method will be used to perform thermal hydraulic analysis for the upper ELM coil. 
The construction of FEM model
In order to obtain the results rapidly, the complex structure of the upper ELM coil is simplified properly. The finite element model of IMIC, support and feeder is established with detailed features; joints are simplified to be consistent with IMIC; bolt holes, fillets and welding parts are ignored. IMIC and supports are modeled by thermal structure solid element SOLID70. The cooling water is modeled by coupled thermal-fluid pipe element FLUID116. Thermal surface effect element SURF152 is used at the interface between the cooling water and conductor inner face. Sharing nodes are used at the interface between all components. The finite element model is shown in Fig. 4 . The number of hexahedral element is 564053 and the number of nodes is 533989 [8−14] . Fig.4 Upper ELM coil FE model
Boundary condition and loads
The thermal-hydraulic boundary conditions include inlet water temperature, water flow velocity, outlet water pressure, the nuclear heat from the plasma, the Ohmic heat from the working current and the radiation from the environment. The cooling water inlet temperature of the upper ELM coil is 100
• C. The cooling water flow velocity is 8 m/s. The outlet water gauge pressure is 0 Pa. The heat transfer coefficient of cooling water (α) of 34820 W/(m 2 ·K), applied to the inner surface of the conductor, can be calculated by the Reynolds number, the Prandtl number, the diameter of cooling water diameter and the thermal coefficient of the water [15, 16] . Since the radiant heat from the environment is less than 1% of the total heat, it is ignored in the analysis. The support bottom connected to the vacuum vessel wall with bolts is set at 100
• C. The Ohmic heat applied on the conductor is 546760 W. The nuclear heat is applied on the components faced to the plasma with a decay function:
where P e is the nuclear heat, e is the natural logarithms, x is the distance in the x direction between the node and the origin of the local coordinate, which is convenient to apply the nuclear heat. The origin of the local coordinate is at the top of the middle of the rectangular coil, and the x direction is from the top to the bottom of the coil. As shown in Fig. 5 , the nuclear heat on the feeder is ignored, and the nuclear heat is applied to the "picture frame" coil with the above function. 
Results of analysis
The temperature distribution of the cooling water and components is shown in Fig. 6 . The cooling water outlet temperature is 123
• C. The water and CuCrZr conductor have basically similar temperature distribution. It means that the water has good cooling for the conductor, and the MgO insulation and Inconel625 jacket have similar temperature distribution too. This means that the insulation prevents the heat from flowing into the water. The maximum temperatures of CuCrZr conductor, MgO insulation and Inconel625 jacket are 147
• C, 204
• C and 225
• C, respectively. The maximum temperature of the support is 700
• C, which is located at the extended end of the support far away from the cooling water. Because the nuclear heat on the coil left is a little larger than that on the coil right (seeing Fig. 5 ), the maximum temperature of the supports is located at the coil left. In view of the above results, the temperature distribution of the upper ELM coil is reasonable. The heat input and output of the upper ELM coil is shown in Table 2 . From the results, the heat input mainly comes from the Ohmic heat, and the heat output is mainly carried away by cooling water. The Ohmic heat is 546760 W and the nuclear heat is 125973 W. The highest heat deposition is in the conductor due to the high Ohmic heat and nuclear heat. Compared with the jacket and insulation, the support has a higher nuclear heat deposition because its location is close to the plasma and its volume is larger than other components. As depicted in Fig. 7 , the pressure drop of 0.83 MPa cannot meet the design requirement of ∆P ≤ 0.5 MPa. 3.5 The change of cooling performance by changing cooling scheme
Flow scheme in the above analysis is set to scheme 1. Flow scheme 2 is designed by changing the inlet of the scheme 1, as shown in Fig. 8 . The temperature distribution of the components is obtained by using ANSYS, and the maximum temperature of the water and components in the flow scheme 2 is shown in Table 3 . The value of the pressure drop is 0.82 MPa. It is found that changing the inlet has no obvious effect on the maximum temperature of components and the pressure drop. Based on the results, both the flow schemes can be adopted and a reasonable flow velocity should be chosen to meet the pressure drop requirement. 3.6 The change of cooling performance by changing water flow velocity
As mentioned previously, the two flow schemes are feasible and scheme 2 is selected to calculate the temperature distribution of upper ELM coil for different water flow velocities. The maximum temperatures of the jacket and water, the pressure drops of the water, the heat output through water and different water flow velocities are shown in Figs. 9-11 . The results show that changing the water flow velocity has no significant impact on the maximum temperature of the jacket, but has a significant impact on the outlet temperature, the pressure drop of water and the heat output through water. As can be seen, when the water flow velocity is greater than 3 m/s, the maximum temperature of the jacket and the outlet temperature reduce slowly. However, the pressure drop increases obviously and when the water flow velocity is greater than 5 m/s, the heat output through the water increases a little, because the water with a high flow velocity cannot carry away more heat by heat convection. Considering jointly the pressure drop requirement and cooling capacity, a lower water flow velocity of 5 m/s should be chosen. 
Conclusion
From the thermal-hydraulic analysis and design of the upper ELM coil, the following conclusions can be obtained: a. The rapid evaluation method based on 1D treatment is feasible and reliable, and a thermal hydraulic analysis using this method is performed. The temperature distribution of the components, the heat input and output and the pressure drop are obtained. In the current design, the pressure drop exceeds the design requirement; b. Cooling water inlet has no significant impact on both the temperatures of components and the pressure drop. The two water flow schemes are feasible, which can provide an effective basis for the coil design; c. With the increase of water flow velocity, the maximum temperature of the jacket reduces slowly, but the outlet temperature, the pressure drop of water and the heat output through water have obvious change. Considering jointly the pressure drop requirement and cooling capacity, a lower water flow velocity of 5 m/s is suggested. In conclusion, the results provide a numerical basis for the structural design of ELM coils. In the optimal design, the components of the coil should be far away from the plasma and the volume of components should be smaller for meeting the strength requirement. Further efforts will focus on the structural analysis, and the thermal stress will be checked according to ASME specification.
